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Abstract: 
 As the world population increases and technology becomes accessible to more people, there 
is an increased demand for energy. Researchers are seeking innovative forms of harvesting 
sustainable energy with minimal environmental impact. The triboelectric effect is a form of contact 
electrification in which a charge is generated after two materials are separated. In 2012, the 
triboelectric nanogenerator (TENG) emerged as a new flexible power source which can extract 
energy from small ambient movements. In this study, we use a software tool known as COMSOL 
to conduct Finite Element Analysis of Triboelectric Generators (TEGs). One aspect we study is the 
enhancement of TEG efficiency by the inclusion of high dielectric constant (high-k) materials. We 
show that the orientation of inclusions matter: high-k dielectric inclusions with a vertical orientation 
display greater overall TEG performance in comparison to those with a horizontal alignment. A 
design where a piezoelectric material is included in the triboelectric polymer is also explored. 
Although our preliminary results show that piezo inclusions modify the response of TEGs, more 
work is needed before we find with an optimal design.   
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Chapter 1: Introduction 
1.1 Energy for the future 
The use of fossil fuels for energy is exhaustible and contributes to carbon dioxide emissions. 
In the near future, we may reach a point where the demand for energy outstrips supply. Therefore, 
researchers have been seeking new sources of renewable and sustainable energy that have 
minimal impact on the environment. Advancement in wind and solar technologies have led to 
successful large-scale implementations (1-3). There are other forms of renewable energy sources 
such as ocean waves which have unexplored potential.  
 
Figure 1. Renewable energy harvesting methods growth from 2011-2017. Source: IRENA 
Another field whose energy demands are going to increase is personal electronics. 
Conventional power supplies do not always meet the requirements of portability, miniaturization, 
functionality, and self-sustainability. Personal devices are currently powered by batteries which 
are not scalable, are hazardous to the environment and are ultimately not sustainable. Therefore, 
other forms of technology which harvest energy from the environment and are self-sufficient for 
powering nano/microsystems is a new field of study (4-5). 
5 
 
!.2 Triboelectric Generators (TEG) 
Triboelectrification is the process in which an electrical charge is generated after different 
materials are separated from contact. It follows the same principle as static electricity and in fact, 
most modern-day static electricity is triboelectric. Traditional macroscale triboelectric generators 
have been created since the 19th century, wherein the device generated a high voltage after contact 
and separation (6). While it has been known for many years, applications in modern day technology 
have been limited until now because the strength of the charges differ so greatly depending on the 
materials being used, making the triboelectric effect very unpredictable and hazardous (7).  
Devices which utilize the principle of triboelectrification to produce usable electricity, 
Triboelectric Generators (TEGs), were invented in 2012 (8). The conversion from mechanical 
energy into electricity is due to the coupling effects between contact triboelectrification caused by 
sliding motion and electrostatic induction caused by separation of charged interfaces (7). Figure 2 
showcases the triboelectric effect where a material may either become positively or negatively 
charged after contact. In a circuit condition maximum voltage is achieved at maximum separation 
(5,7-8). 
 
Figure 2. Simple schematic of the triboelectric effect.  
 
Fabrication of the TEG is relatively simple, where low-cost and non-toxic materials can be 
utilized. Efficient TEGs with high power densities can be utilized in self-powered sensors and other 
electronics (8). Moreover, it can also be effectively used for harvesting energy from ocean waves 
for the prospect of large-scale blue energy. 
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CHAPTER 2: Theory and Computation 
2.1 Electrostatic principles 
Electrostatics is the field which studies stationary electrical charges. A boundary value 
problem is a differential equation or a system of differential equations in which a variable is solved 
over a domain. The principles relevant to our study include Gauss’ Law which is a part of 
Maxwell’s Equations. Maxwell's equations allow us to relate electric and magnetic fields with 
total charge and current (9).  
Gauss' law states that the electric flux (ɸ) outside of any closed surface is equal to the 
total charge (Q) that is enclosed divided by the relative permittivity (Ԑ) (figure 3). Charges are 
the source and sinks of the electric field, therefore by knowing the field then we know the force 
that a charge distribution can exert on another charge. In fact, if a charge distribution has a high 
degree of symmetry, then Gauss' law alone can be used to determine the magnitude of the electric 
field and derive the expression for the Coulomb force (9-10).   
 
Figure 3. Gauss’ Law states that the electric flux can be found by finding the total enclosed charge (Q) and 
the relative permittivity of the material (Ԑ). Source: http://hyperphysics.phy-
astr.gsu.edu/hbase/electric/gaulaw.html 
 
The first two of Maxwell's equations (Gauss’ Law and Faraday’s Law) will be able to 
calculate the electric field (magnitude and direction) due to any static charge distribution and 
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vice versa. Table 1 showcases the boundary conditions that can be applied in computational 
software based on these equations: 
Table 1. The laws of electrostatics Source: COMSOL Multiphysics Cyclopedia 
Ultimately, the three main quantities which can be calculated in an electrostatics problem 
based on the mentioned laws are source charge distribution (ρ), electric field (E), and electric 
potential (V.) The six equations in Figure 4 can be used to find one of the main quantities when 
given the other two. 
 
Figure 4. Interrelating equations used to solve boundary problems based on Gauss’ Law. Source: 
“Introduction to Electrodynamics” Fourth Edition, David J. Griffiths, 2017 
 
 
 
Equation Name Differential Form Integral Form Boundary Condition 
Gauss's law 
All field lines start 
and end on 
charges. 
The total flux through a 
closed surface equals 
its enclosed charge. 
The surface charge at a material interface equals 
the jump in the normal component of the 
displacement field. 
Faraday's law 
(electrostatics) 
The electric field 
is irrotational. 
The electric field is 
conservative. 
Across a material interface, the tangential 
component of the electric field is continuous. 
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2.2 Finite Element Analysis (FEA) 
Finite Element Analysis (FEA) is an approximation method used to solve differential 
equations over a specific region of space (domain). It can be useful in a wide range of fields such 
as structural mechanics, electrodynamics, heat transfer and more (11). Engineers utilize this method 
in order to reduce the number of physical prototypes and experiments and optimize components in 
their design phase to develop better products faster.  A large domain is broken down into smaller 
finite elements connected via nodes by a procedure called meshing (12). The behavior of each node 
is solved using a matrix equation, written according to electrostatic governing equations and 
boundary conditions. Once the solutions are known for all the nodes, the behavior in-between the 
nodes is approximated by polynomials. Combining the individual results yields the result of the 
structure (12-13).  
2.3 COMSOL for FEA 
COMSOL is a commercial software package used to perform FEA. The electrostatic study 
module in COMSOL is useful when computing electrostatic forces and fields. Figure 5 illustrates 
the procedural steps involved in pre-processing, study, and post-processing in COMSOL. An 
appropriate geometry is created to model a device and relevant material properties are assigned to 
various domains. Boundary conditions are applied in the simulation and COMSOL uses FEA to 
solve the equations. After computing the solution, various 2D and 3D plot options can be utilized 
to visualize the results in COMSOL 
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Figure 5. Finite Element Analysis Procedure for Solving Multiphysics Problems in COMSOL 
2.4 Modeling TEGs as Capacitors 
A simple schematic of a TEG is shown in figure 6 modelled as a capacitor wherein two 
insulating materials, known as dielectrics., are sandwiched between two electrodes. Two dielectric 
materials, Kapton and PMMA are assigned as the top and bottom dielectric respectively for this 
schematic as an example. When the two dielectrics come into contact (fig. 6a-b) surface charge is 
generated due to the triboelectric effect at the surface of the dielectric materials. In an open circuit 
configuration, once the materials begin to separate an electric potential difference is generated. If 
the bottom electrode’s electric potential (𝑽𝒑) is zero, then the top electrode’s electric potential 
(𝑽𝒌) is given by 
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𝑽𝒌 = −
𝝈𝒅𝟑
Ԑ𝟎
 
where Ԑ𝟎 is the vacuum permittivity and 𝝈 is the triboelectric charge density. The maximum 
electric potential is achieved once it reverts back to its original position during maximum 
separation (fig. 6c). The electric potential difference will diminish to zero when the two 
dielectrics come into contact again and then return to its maximum value in a cyclic manner (fig. 
6d-e).  The line graph in figure 6 illustrates how voltage increases and reaches maximum value 
during release and begins to diminish when the device is pressed again, and the dielectrics come 
into contact.  
 
Figure 6. Schematic of an open-circuit TEG 
 
In a short-circuit configuration, the bottom and top electrodes are connected, creating an 
induced charge and allowing a current to flow through. The induced charge density (𝛔′) is given by 
𝛔′=𝛔
𝒅𝟑Ԑ𝒌Ԑ𝒑
𝒅𝟏Ԑ𝒑+𝒅𝟑Ԑ𝒌Ԑ𝒑+𝒅𝟐Ԑ𝒌
 
Where Ԑ𝒌 and Ԑ𝒑 are the relative permittivity of Kapton and PMMA, respectively, and 𝒅𝟏 and 
𝒅𝟐 are the thicknesses of the layers. The schematic for figures 6a-b and 7a-b are similar, but in 
figure 7c there is an induced charge. The induced positive charges will accumulate on the top 
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electrode and the negative charges will be located on the bottom electrode. Consequently, a positive 
current will be released during the process in figure 7c. Once the generator is pressed again (fig. 
7d), the distance between the two materials diminishes, which also decreases voltage. The electrons 
begin to flow from the bottom electrode to the top electrode, reducing the induced charge and a 
negative current is released. Once the two materials come into contact again, all induced charges 
are neutralized. The line graph in fig. 7 illustrates how current varies as a function of time during 
the press and release cycle. 
 
Figure 7. Schematic of a closed-circuit triboelectric nanogenerator. 
 
2.5 Factors which enhance TEG efficiency 
There have been approaches found in literature which aimed to improve TEG efficiency. A 
common tactic is the inclusion of high dielectric constant (high-k) materials. The dielectric constant, 
also known as relative permittivity, is defined as the ratio of the material’s absolute permittivity 
over the vacuum permittivity. The permittivity of the material is related to the electric polarizability; 
high-k materials become more polarized in response to an applied electric field in comparison to 
materials with a low k value. This capability is very useful in capacitors as the output power is 
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heavily dependent on the accumulated induced charges. The enhancement of induced charge with 
higher-k materials is shown in Figure 8. 
 
Figure 8. Plot illustrating that the inclusion of materials with high relative permittivity increases the charge 
ratio. It is assumed that 𝑑1= 𝑑2= 𝑑3. The blue plot corresponds to: Ԑ𝑘=1 and Ԑ𝑝 varying between 1 and 10. 
The red plot corresponds to: Ԑ𝑝=10 and Ԑ𝑘 varying between 1 and 10. 
Material choice and surface modifications have also been found to enhance TEG efficiency. 
The triboelectric charge density depends on the sign and relative polarity between the two materials. 
Materials that have been found to have a strong triboelectric effect are insulators or dielectrics 
which are able to retain the charges and accumulate them for an extended period of time (14). 
Although synthetic polymers are the most common materials in TEGs, renewable, biodegradable, 
and abundant natural polymers such as cellulose nanofibrils (CNFs) have been implemented in 
TENG development (15). The use of Polyimide aerogel film has been found to enhance TEG 
performance compared to a TEG with fully dense Polyimide layer with no porosity. This 
enhancement increased overall surface area, which generated more charge in the open cells of the 
aerogel and increased the TEG’s capacitance (16). Also, recently, a high triboelectric charge density 
was attained with ferroelectric materials, known to have residual dielectric polarization in an 
electrical field (17). This literature is summarized in figure 9. 
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Figure 9. Literature Review on different methods utilized to enhance TENG performance 
These are parameters that fortunately can be simulated in COMSOL. We first verified that 
COMSOL would give the same results as the results in the experiments regarding the enhancement 
of TEG with the inclusion of high-k materials. Afterwards, the orientation of the inclusion of these 
high-k materials were also investigated to see if there was any variation in TEG efficiency. Surface 
patterning was another parameter that was studied. We looked for any variability based on how the 
charges are distributed on the surface of the dielectrics. Based on these computations, we gained a 
deeper understanding in basic computation skills and moved on to a more complex simulation 
where we created a new hybrid design. 
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Chapter 3: Results and discussion 
3.1 Parametric Study on the Effect of Dielectric constant Inclusions 
In order to gain a deeper understanding of COMSOL, we began with one simple design 
shown in figure 10. Our goal was to investigate whether the inclusion of high-k materials had any 
effect in voltage, charge output and overall TEG efficiency. In our first computational setup, the 
COMSOL Multiphysics software was used to perform a parametric sweep. This feature allows a 
parameter (in this case, k) to be computed and solved over a specified range, without the need to 
manually change it. The TEG design was simulated with Quartz (glass) as one of the materials 
while a blank material was assigned with a variable k value. The 2D geometry was created 
following the dimensions illustrated in figure 10.  
 
Figure 10. 2D Geometry of TEG as a capacitor (not drawn to scale) 
A surface charge density of 0.001 and -0.001 C/m2 was applied at the surface contact of 
each material. The outer region (air) was defined as an infinitely large domain. After assigning each 
geometry with its material, the structure was meshed and computed. A floating potential was 
applied around the perimeter of the copper material so that an equipotential value could be 
associated with this isolated electric conductor. 
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Figure 11. Line Graph Plot of Surface Charge Density as a function of arc length, which is defined as the 
length along the positive plate.  Each plot line represents a different value of k: dark blue k=2, green k=4, 
red k=6, light blue k=8 and purple k=10. 
Five simulations were computed where the property value of the dielectric constant 
increased in increments of 2. The surface charge density across the positive plate of the capacitor 
was plotted in figure 11. As illustrated, for a given triboelectric charge density, the inclusion of 
high dielectric materials displayed greater induced charge. Ultimately, these results confirm 
previous results showing that the inclusion of these high-k materials had a positive effect in TEG 
efficiency. 
3.2 Effect of Orientation of high-k Inclusions 
Having shown that inclusion of high-k particles is beneficial, we investigated whether the 
geometric orientation is a factor. We implemented the high-k dielectrics in horizontal and vertical 
setups, while maintaining the same volume fraction. We studied four configurations as shown in 
figure 12: Original (O), Horizontal version 1 (H1), Horizontal version 2 (H2) and Vertical (V1). In 
our horizontal setups, we included the high-k material in either the upper (H1) or lower (H2) layer 
of the top dielectric. 
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Figure 12. Geometric configuration of TENG design with measurements (not drawn to scale) 
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In order to evaluate our experimental setups, we simulated them in an open and closed-
circuit condition and evaluated the charge output and voltage difference. In an open circuit 
condition, the two electrode points are disconnected, allowing zero current to flow through 
regardless of the voltage difference. To simulate this condition, a floating potential boundary value 
is assigned separately for each terminal. Results of our simulations which show the electric potential 
(V) as a color-plot are given in Figure 13 (a, b, c). As shown in the figure, the top and bottom plates 
are at a positive and negative voltage, respectively. In a closed-circuit condition, the terminals are 
shorted, thereby allowing current to flow between them. This is achieved by assigning the same 
equipotential value to both terminals. By having shorted terminals, the established voltage is zero 
all around except for in between the plates, but a charge is generated at the surface of each material. 
In figure 13 (d, e, f) we illustrate these results in voltage surface plot.  
 
Figure 13. Voltage Surface Plot of open-circuit and closed-circuit high-k material orientation inclusion 
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The values of the charge output in the closed-circuit condition and the voltage difference 
measured in the open-circuit condition are summarized in fig. 13. Overall, there was greater induced 
charge and voltage difference for the vertical orientation. In figure 14, the results from the open 
circuit configuration were plotted in a 1d Line Graph, where the voltage value was measured along 
a line that runs vertically across the TEG. The open circuit voltage can be calculated as the 
difference between the values at the top and bottom electrodes. This voltage difference is 
represented by the steep slope seen in figure 14. 
 
Figure 14. 1D Line Plot of established Voltage as a function of arc length, which is defined as 
length from the bottom to the top plates of the capacitor in the three configurations: H1 (red), H2 (green) 
and V (blue) 
In Figure 15 we show the surface charge density developed along the length of the 
positive plate for H1, H2 and V1. The graph showcases that in the short-circuit condition, the 
vertically oriented high-k material had greater induced charge, while the plot shows both the H1 
and H2 to be equivalent and overlapping. The numerical results are summarized in Table 2. 
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Figure 15. Line Graph of Surface Charge Density values as a function of arc length, which is defined as 
length along the positive plate for all three configurations: V (Blue), H1 (Red) and H2 (Green) 
Configurations Voc σ 
Original (O) 40 kV 6.9 × 10−4 𝐶/𝑚2 
Horizontal 1 (H1) 42 kV 7.2 × 10−4 𝐶/𝑚2 
Horizontal 2 (H2) 42 kV 7.2 × 10−4 𝐶/𝑚2 
Vertical (V) 44 kV 7.5 × 10−4 𝐶/𝑚2 
Table 2. Summary of voltage difference and surface charge density values for all four 
configurations: O, H1, H2 and V 
As expected, the original configuration displayed a smaller voltage difference and surface 
charge density than the high-k inclusion configurations. The vertical setup had a higher range of 
surface electric potential compared to the horizontal setup.  Both horizontal configurations 
displayed the same results. Overall we see an enhancement in TEG efficiency when these high-k 
materials are oriented in a vertical manner. In order to get more experience in 3D modelling, we 
replicated these same conditions in 3D models. The geometry exemplified what real life 
experimentalists could create, wherein the orientation of these inclusions could have possible 
geomtric effects. 
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3.3 3D Geometry Inclusion in COMSOL 
Following the 2D simulations, these same conditions were replicated in a 3D simulation 
(figure 16). This was also an opportunity to learn the nuances of 3D simulation in COMSOL. The 
materials for the top and bottom section of the TEG were Quartz (glass) and PMMA, respectively. 
A blank material was added with the only property being a k-value of 10 which was included in 
both configurations with equal volume fraction. Cylindrical pillars were created with equal 
dimensions, yet different orientations as seen in figure 16. Similar to our 2D geometry, a floating 
potential boundary was applied to both electrodes and the outer region was defined as infinitely 
large. A surface charge density of 0.001 and -0.001 C/m2 was applied at the surface contact of 
each material.  
 
 
Figure 16. 3D Geometries for the vertical V (top) and horizontal H (bottom) inclusion of high-k 
materials 
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Figure 17. Voltage surface plot for the 3D horizontal and vertical configurations 
After computing our simulations, a 3D surface graph was generated to plot the Electric 
Potential surface values. As seen previously, in this open-circuit condition the vertical inclusion of 
the high dielectric constant displayed higher voltage in comparison to the horizontal configuration. 
The surface voltage difference between both dielectric layers were determined to be 43.3 kV and 
41.7 kV for the vertical and horizontal configuration respectively. In our closed-circuit simulation, 
the surface charge density of the positive plate for the vertical and horizontal orientation was found 
to be 7.45 × 10−4 𝐶/𝑚2 and 7.15 × 10−4 𝐶/𝑚2, respectively. We conclude that if a choice exists, 
it is better to orient high-k dielectrics in a vertical manner to enhance performance. This might be 
relevant in cases where you can synthesize a nano/micro particle in the shape of a spheres or rods. 
Vertically aligned nanorods might give an advantage based on pure geometric effects.  
3.4 Effect of Surface Patterning in TENGs 
  Surface patterning has been commonly used to improve TENG efficiency, which is caused 
by the increase in surface area contact. Another experimental setup was simulated using COMSOL 
where we tested another parameter: surface patterning. Our aim was to understand whether the 
redistribution of charges due to patterning has any geometric effects on performance. To do this, 
we set up the control as the original configuration with no change in surface patterning. We created 
a ‘square-wave’ geometry where the charge density was applied at different surface lines of the 
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dielectric material. This method is illustrated in Figure 18, showcasing the M1 configuration with 
an applied surface charge density of 0.001 C/m2. In contrast, a 0.0005 C/m2 charge density was 
applied at the total surface line of the material for the M2 configuration. To the first order, the 
volume fraction of the dielectrics and the total applied surface charge of all configurations are 
equivalent.  
 
Figure 18. Applied boundary values of different geometric configurations: M1 (left) and M2 (right) 
 
Figure 19. 1D Line Plot of established EPD in the three ‘staircase’ geometry configurations: O 
(red), M1 (green) and M2 (blue) for open circuit condition 
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As seen in figure 19, in the open circuit condition there was very little difference in voltage 
for all three of the configurations. The M1 configuration showcased a slightly higher change in 
electric potential compared to the other two configurations. There was not much of a significant 
difference in voltage for the M2 and the Original configuration. 
 
Figure 20. Line Graph of Surface Charge Density values for all three square-wave geometry configurations:  
Blue (O), Green (M1) and Red (M2) 
In contrast, there was a greater difference in the charge output efficiency for the three 
configurations, yet still relatively insignificant. The charge density was once again measured across 
the positive plate and plotted in a 1D Line in figure 20. Ultimately, this figure showcases the higher 
charge efficiency for the M2 configuration, while M1 and O had very similar values in charge 
output. The exact values are summarized in Table 3: 
Table 3. Summary on the effect of surface patterned configurations 
 
            Configurations Voc σ 
O 40.0 kV 6.9 E-04 C/m2 
M1 41.4 kV 7.0 E-04 C/m2 
M2 42.2 kV 7.3 E-04 C/m2 
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This finding agrees with previous literature demonstrating an increase in total charge output 
when these devices are exposed to greater surface area (18). While we found a small change and 
small enhancement it is important to note that in our simulations the length-scale of the surface 
patterning is very exaggerated. In real devices, the depth of surface patterning is typically in the 
nanometer scale. Therefore, the geometric effect that we observe in this section is not as significant 
and not as comparable to real-life devices.  
3.7 Piezo-tribo hybrid generators 
Piezoelectric materials have the ability to generate voltage in response to an applied 
mechanical stress. When a piezoelectric material is placed under mechanical stress, the positive and 
negative charges shift in the material, resulting in an internal electric field. The reverse may occur, 
wherein an outer electrical field either stretches or compresses the piezoelectric material. Piezos 
can be incorporated in energy harvesting devices commonly referred to as piezoelectric 
nanogenerators (PENGs). Unlike conventional microelectromechanical systems (MEMS) 
generators, PENGs have an added advantage of being flexible and foldable power sources which is 
ideal for applications in biomedical sensors (19). Recently, a combination of piezo and triboelectric 
layers have been used to enhance the efficiency of mechanical nanogenerators (20). Some hybrid 
generators are composed of a piezoelectric layer in an arched and sinusoidal shape above the 
electrode-tribo-electrode layer (21). In our work, we try to develop a design which will harvest both 
piezo and tribo effects synergistically.  
As a proof of concept, and to learn piezoelectric simulation with COMSOL, we study a 
simple design to show the development of voltage in the presence of a piezoelectric inclusion. 
Results are shown in Fig. 20. The model on the right represents a dielectric between two electrodes. 
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A pressure is applied to the top electrode which results in compressive stresses in the device. 
However, no voltage is developed.  The model on the left shows a similar device with a piezoelectric 
inclusion: lead zirconate titanate (PZT-5H). The same pressure is applied on the top electrode which 
results in mechanical compression and a corresponding voltage generation.  
 
Figure 21. COMSOL simulation of the piezoelectric effect 
The study of piezoelectrics involved a new set of challenges in our work with COMSOL. 
We had to apply a “Multiphysics coupling” to combine “solid mechanics” and “electrostatics” 
interfaces. For the solid mechanics physics, the new material was defined as piezoelectric by adding 
the piezoelectric material domain. A new charge conservation for the piezoelectric domain was also 
added in the electrostatics interface. The “piezoelectric” multiphysics module allowed seamless 
integration of both concepts.  
Having figured out the basics of working with piezoelectrics, we focused on designing a 
new hybrid geometric configuration in which the piezoelectric materials are included in the 
triboelectric layer. This brought added challenges of having to work with deformable structures in 
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COMSOL. In order to simulate our new capacitor, the Multiphysics module allows both the 
electrostatics and solid mechanics interface to be coupled into another module known as 
Electromechanics. This module provides a moving mesh interface that also allows for the 
simulation to compute the voltage difference in response to the deformation of the device when the 
force/stress is applied.  
 
Figure 22. Total Displacement Surface Plot for the TENG and piezo-included TENG 
We now describe the geometry shown in Fig. 22. In both cases two layers of dielectrics 
are sandwiched between two copper electrodes. An air gap between the dielectrics is achieved by 
placing spacers. The device on the left has a piezo inclusion in the top dielectric layer, whereas 
the device on the right has no piezo inclusion. In order to simulate the applied stress, a Boundary 
Load was added to the top layer of 1.0 × 108
𝑁
𝑚
 (force per unit length) in the negative y-axis of 
the plane. A Fixed Constraint was also added to the bottom layer to ensure that the applied load 
does not move the capacitor down the axis rather than deform to its shape. After meshing, our 
computation results yielded the displacement and stress surface plot. The deformation of the 
device is clearly visible and equivalent for both configurations in figure 22. 
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 To understand the corresponding electrostatic problem, we plot a 2D surface plot of 
voltage.  The values are summarized in table (4) below and the surface plots for both 
configurations are shown in figure 23: 
Configurations Electric Potential Difference (∆V) 
Original Design with no piezoelectric inclusion 
(without boundary load) 
53.3 kV 
Original Design with no piezoelectric inclusion 
(with boundary load) 
21.4 kV 
Piezoelectric Inclusion Design 
(without boundary load) 
56.6 kV 
Piezoelectric Inclusion Design 
(with boundary load) 
25.2 kV 
Table 4. Summary of voltage difference in all four configurations 
 
Figure 23. 2D Surface plot of Electric Potential for both configurations: with piezo inclusion (left) 
and without piezo inclusion (right) 
As expected, the voltage difference decreases when a stress is applied for both 
configurations as the triboelectric charges neutralize each other when they get closer. The 
piezoelectric material inclusion in our device increased total voltage difference in response to the 
applied stress in comparison to our original design. 
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Chapter 4: Summary and Future Work 
4.1 Summary 
Our studies suggest that high-k inclusions increase overall charge efficiency of TEGs and 
vertical orientation is better. These results also hold true for 3D models. We also tested the effect 
of surface patterning and found that the charge output increased but not significantly. Finally, we 
were able to simulate the piezoelectric effect in a simple model before incorporating it into our TEG 
design. The voltage slightly increased in response to the applied stress for the piezo-included device 
in comparison to our original design (no piezo-inclusion). More work is needed before we can come 
up with an optimal design.  Throughout this project, we have learned various aspects of simulation 
with COMSOL. We started with basic single module calculations and progressed to more 
complicated geometries and couplings. 
4.2 Understanding piezo-tribo hybrid designs 
In earlier studies (22, 23) piezo and tribo layers were stacked in a parallel manner. In our 
simulation, we incorporated both layers into one single system. The results in this report are 
preliminary. We need more simulations to understand the numbers: especially understanding how 
the polling direction of the piezoelectric material contributes to triboelectric charges and overall 
charge efficiency in our hybrid design. 
4.3 Time dependent studies 
A transient model of our hybrid design can be solved in combination with an external 
electrical circuit. Future work in our group will include combining our capacitor design with a 
circuit model of a voltage source and a resistor. By applying the boundary load, a step change in 
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voltage occurs, and the transient current through the capacitor can be computed and plotted as a 
function of time. The COMSOL Multiphysics package allows for a time-dependent study to be 
conducted. By using a time dependent solver this allows the solution to be computed during each 
phase of the hybrid design system (before, during and after the applied stress). A parametric 
sweep can also be conducted by defining the parametric values as the dimensions of the capacitor 
and simulate the variations and deformations of our model in response to the stress. 
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